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ABSTRACT 


Mixed mode I-mode II interlaminar tests were conducted on IM7/8552 tape 
laminates using the mixed-mode bending test. Three mixed mode ratios, G7/Gr= 0.2, 
0.5, and 0.8, were considered. Tests were performed at all three mixed-mode ratios 
under quasi-static and cyclic loading conditions, where the former static tests were 
used to determine initial loading levels for the latter fatigue tests. Fatigue tests at each 
mixed-mode ratio were performed at four loading levels, Gina, equal to 0.5G,., 0.4G;, 
0.3G,, and 0.2G,, where G, is the interlaminar fracture toughness of the corresponding 
mixed-mode ratio at which a test was performed. All fatigue tests were performed 
using constant-amplitude load control and delamination growth was automatically 
documented using compliance solutions obtained from the corresponding quasi-static 
tests. Static fracture toughness data yielded a mixed-mode delamination criterion that 
exhibited monotonic increase in G, with mixed-mode ratio, Gj/Gr. Fatigue 
delamination onset parameters varied monotonically with Gy/G7, which was expected 
based on the fracture toughness data. Analysis of non-normalized data yielded a 
monotonic change in Paris law exponent with mode ratio. This was not the case when 
normalized data were analyzed. Fatigue data normalized by the static R-curve were 
most affected in specimens tested at Gy/G7=0.2 (this process has little influence on the 
other data). In this case, the normalized data yielded a higher delamination growth rate 
compared to the raw data for a given loading level. Overall, fiber bridging appeared to 
be the dominant mechanism, affecting delamination growth rates in specimens tested 
at different load levels and differing mixed-mode ratios. 


INTRODUCTION 


Delamination is a key damage mode exhibited by polymer matrix composite 
laminates [1-2]. Delamination is typically characterized based on linear elastic fracture 
mechanics (LEFM) using the strain energy release rate, G. This form of 
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characterization is favored over stress intensity factor, K, due to the difficulty in 
determining the stress field associated with K in heterogeneous material systems such 
as laminated composites [3-4]. 

Several testing methods have been proposed for determining the quasi-static 
critical strain energy release rate, G., under opening (Mode I), in-plane shear (Mode 
II), scissoring shear (Mode III), and mixed-mode I/II loading conditions. These efforts 
have led to the development of internationally recognized testing standards [5-8]. 

Many of these testing methods have been, or are in the process of being, extended 
to account for fatigue loading conditions. In general, fatigue data are interpreted 
separately in two ways. In the first case, growth onset due to fatigue loading of an 
existing delamination is characterized in a manner loosely analogous to S-N 
characterization of metal fatigue. Here, strain energy release rate is determined as a 
function of cycles necessary for delamination growth onset, N, yielding a G-N curve. 
This characterization method for mode-I delamination is available as an ASTM 
International testing standard [9]. The second case involves characterization of fatigue 
delamination growth rate in a manner analogous to the Paris law relationship utilized 
for characterizing metal fatigue crack growth rates. In this case, rather than 
determining growth rate, da/dN, as a function of K, delamination growth rates are 
typically determined using G. The linear portion of log-log plot of da/dN versus G is 
generally identified and determined to be equivalent to a Paris law, where growth rate 
is defined as da/dN=DG" (D and n being constants associated with the material in 
question). 

The above methods have been applied to characterizing fatigue delamination 
growth in several different material systems under mode ratios ranging from pure 
mode I to pure mode II [10-15]. A considerable amount of work has also been 
conducted to develop laws for mixed-mode I/II fatigue delamination growth rates, 
where the Paris law is generalized to account for mixed-mode ratio effects [16-19]. 
However, these studies, in general, offer little consensus on a correct form of a mixed- 
mode fatigue law that would apply to any material system. Theoretically, if Gye is 
always greater than G;. for a given material system, then it may be argued that the 
Paris law constants, D and n, should monotonically change with mixed-mode ratio, 
Gi/Gr. Although in some instances this has been shown to be the case [18], other 
work has shown that the Paris law constants vary with Gy/Gr non-monotonically [17]. 

The objective of the current work was to characterize fatigue delamination growth 
rates in IM7/8552 graphite/epoxy at three mixed-mode I/II ratios, G7/G7=0.2, 0.5, and 
0.8. This work was conducted in concert with separate studies on the same material 
system (same material spec and manufacturer) in which fatigue delamination growth 
rates under pure mode I and mode II loading conditions were determined [20, 21]. 
Details of the material, test specimens, procedures and results/discussion are presented 
in what follows. 


EXPERIMENTAL PROCEDURES 


Materials and specimens 


A single manufacturer denoted as Source 1 in Refs. 20 and 21 supplied mixed- 
mode bending (MMB) specimens made of IM7/8552 graphite/epoxy tape. 


A schematic of an MMB specimen is given in Figure l(a). Each specimen 
consisted of a 24-ply unidirectional, laminated beam, nominally 0.18-inch thick, 1- 
inch wide, and 7-inches long. Specimens contained a 2-inch long, 5x10°-inch thick 
polytetrafluoroethylene (PTFE) insert at the midplane at one end to act as an artificial 
delamination, as illustrated in Figure 1(a). Piano hinges were bonded to each side of 
the delaminated portion of every specimen using a 2-part epoxy adhesive paste (Hysol 
EA 9259.3), which was cured at 300°F for one hour. This resulted in a nominal 
delamination length, ao, of 1 inch as illustrated in Figure 1(a). Immediately prior to 
testing, the edges of each specimen were coated with a thin layer of white paint and 
marked in 0.05-inch increments, starting from the tip of the insert to a length of 1 inch. 


Mixed-Mode Bending (MMB) Test 


All specimens were tested according to the MMB test procedure detailed in 
ASTM International testing standard, D6671 [6] (referred to as D6671 in the 
remainder of this paper). The MMB test involves a combination of the loading 
conditions of the double cantilever beam (DCB) and end-notch flexure (ENF) tests 
[5, 8]. A schematic of an MMB specimen and its loading fixture is presented in 
Figure 1(b). The specimen sits on a support roller on the fixture base, and the piano 
hinges are clamped to the base and loading lever (see Figure 1(b)). The location of 
applied load, P, (see Figure 1(b)) on the loading lever is adjustable. By changing 
horizontal distance, cz, between this load-application point and the upper roller (also 
referred to as the lever length, Figure 1(b)), the mixed-mode I/II ratio applied to a 
specimen can be varied. For example, a lever length equal to zero (load-application 
point, P, coincident with upper roller) yields a pure mode-II form of loading at the 
delamination front of a specimen (although the MMB test in this configuration has not 
generally been employed for mode II delamination characterization). 

Conversely, theoretically an infinite lever length will yield pure mode-I loading 
conditions. A picture of an MMB specimen positioned within the MMB loading 
fixture for all static and fatigue testing is presented in Figure 2. Realistically, Gi/Gr 
can vary between 0.2 and 0.8. 

Closed-form solutions of the mode-I and mode-II strain energy release rate 
components for the MMB specimen are used to determine the lever length necessary 
for a specified mixed-mode I/II ratio. These equations are also used for reducing the 
test data in order to calculate G. for a given mixed-mode ratio, as discussed later in 
this section. 

Three mixed-mode ratios, Gy/G7=0.2, 0.5, and 0.8 (corresponding to lever lengths 
of 3.66, 1.63, and 1.07 inches, respectively), were considered in both static and fatigue 
tests conducted in the current study. Details of the static and fatigue test procedures 
and data reduction methods are given in what follows. 
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Figure 1. (a) MMB specimen (not to scale and all dimensions nominal). (b) MMB test fixture. 
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Figure 2. MMB test setup. 


Static MMB Test procedure 


Static MMB tests were conducted using a 5 kip servo-hydraulic test machine 
equipped with a 250-lbf load cell. Specimens loaded at mixed-mode ratios of 
G1/Gr = 0.5 and 0.8 were precracked (PC) prior to fracture testing and the resulting 
fracture toughness values were compared with those from non-precracked (NPC) 
specimens. Specimens tested at Gy/Gr = 0.2 were not precracked due to the concern 
that fiber bridging may develop, yielding erroneous initiation fracture toughness 
measurements. Each specimen was precracked at the mixed-mode ratio to be 
performed during the actual fracture test. In these cases, an approximately 0.12 inch 
precrack was grown quasi-statically in the specimens. Specimens were loaded in 
displacement control at a rate of 0.05 inches per minute. Critical force values 
associated with delamination initiation and subsequent propagation at approximately 
0.05-inch increments of delamination growth were recorded. Specimens were 
unloaded at the same rate after approximately 0.8 inches of delamination growth had 
occurred. Specimen force-displacement response was recorded for the entire duration 
of a test using a sample rate of one data point per second. Critical strain energy release 
rates for delamination initiation and propagation were calculated using the method 
described in the data reduction section. Six NPC specimens were tested at Gz/G7=0.2. 
At G7/G7=0.5 and 0.8, six specimens each were tested with and without precracks, 
resulting in a total of 30 static tests. 


Fatigue MMB Test procedure 


The same loading fixture used for static tests (Figure 2) was used to perform all 
fatigue testing. Specimens were subjected to sinusoidal cyclic loading at a frequency 
of 3Hz. This is slightly lower than the 5Hz frequency used in companion studies of 
mode-I and mode-II delamination [20, 21], and was selected to avoid unwanted 
dynamic effects from the relatively massive MMB loading lever. In previous work 
concerning mode-I and mode-II delamination of graphite/epoxy laminates, mild 
changes in growth rates with test frequency ranging between | and 5Hz were reported 
[22]. Therefore, the slight difference in frequency used for the current tests was 
assumed to not significantly affect delamination growth rates. Tests were conducted 
in load control using a commercially available software for data accumulation and 
retrieval [23]. Tests were run at maximum cyclic loads, Pig., corresponding to initial 
Gmax Values approximately equal to 60%, 50%, 40%, and 30% of the average value of 
Gc from fracture tests for a given mixed-mode ratio. Using D6671 [6], Ginna: is given 
by: 
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Rearrangement of Equation (1) yields an expression for Pina, corresponding to a given 
Gmnax Value: 
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where 5, h, and L, and a are the specimen dimensions in Figure 1(a). The terms c, Pz, 
C, are the lever arm length, loading lever weight, and center of gravity location, 
respectively, shown in Figure 1(b). The flexural modulus, E77 is computed using a 
closed-form solution in D6671 based on data from the static tests. The parameter y is a 
crack length correction factor [6]: 
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The engineering properties E,;, Ex, and G13 used in the above equation are given in 
Ref. [24]. 

During fatigue, specimen compliance was measured every two cycles until the test 
was stopped. The commercial software system monitored compliance and estimated a 
corresponding crack length using a specimen compliance solution based on static test 
data. The system stopped cycling when the estimated crack length reached 0.8 inches. 
After unloading, the specimens were pried open to allow measurement of the initial 
and final delamination length and front shapes. Data reduction software was 
developed for computing cyclic G levels and delamination growth rates from the 
compliance/cycle count data collected during a test. This procedure was used for tests 
conducted at all three mixed-mode ratios. Four repeat tests were conducted for each 
loading level at each mode ratio resulting in a total of 48 fatigue tests. 


Data Reduction 


Data from the static tests were reduced to determine fracture toughness values and 
static R-curves for each mixed-mode ratio. These data were also used to establish 
loading levels at the start of a fatigue test. Fatigue test data were used to determine 
delamination onset and growth curves for each mixed-mode ratio. 


STATIC TESTS 


Closed-form solutions for lever length, c, required for a given mixed-mode ratio: 
G,/Gr, and the total strain energy release rate, G7, at delamination growth initiation 
and subsequent propagation are presented in Ref. 6 and used in this study. The value 
of Gr at delamination growth initiation is assumed to be equivalent to the fracture 
toughness, G,, corresponding to each of the three mixed-mode ratios in question. In all 
cases, initiation G, was computed using Equation | with P=P,,,. Static R-curves were 
generated for each mode ratio based on the delamination propagation data. Specimen 
flexural modulus, £7, of each specimen was also computed using a closed-form 
solution from Ref. 6. 


FATIGUE TESTS 
The FTA data acquisition system used for the fatigue tests provided a record of 


specimen compliance as a function of cycle count for the duration of each test at a 
sample rate of once every two cycles. These compliance data were analyzed to 


determine corresponding delamination length values using the following expression 
from D6671 [6]: 
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Rearrangement of Equation 4 yields the expression used to calculate delamination 
length, a: 
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The raw compliance data were initially applied to Equation 5 yielding a 
corresponding delamination length every two cycles. Delamination growth increments 
at this sample rate were significantly affected by the noise in the raw (compliance) 
data. Consequently, the compliance data were parsed to remove delamination growth 
intervals less than 0.004 inches, which was approximately three times the noise level 
of the raw test data. A comparison of parsed and raw data corresponding to the first 
8000 cycles of a fatigue test conducted with a mixed-mode ratio Gy/G7;=0.5 and 
Gna=0.5G, is presented in Figure 3(a). An example of the entire parsed data from the 
same test is given in Figure 3(b). These parsed data were analyzed to compute Gina as 
a function of delamination growth rate, da/dN, using the methods described in what 
follows. 

Fatigue delamination growth rate, da/dN, was calculated from the parsed data 
using the secant and the incremental polynomial methods, described in ASTM E647 
[25]. Using the secant method, fatigue crack growth rate was calculated as: 


(5) 
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where a; is a crack length corresponding to cycle count N;, and aj+; and Nj+; are 
crack length and cycle count values corresponding to the next available data point. 
The crack length used to calculate G from this two-point linear fit method is taken 
as the midpoint (average a) of the delamination growth increment. Alternatively, 
the incremental polynomial method can be used to help reduce error induced by 
noisy experimental data. The incremental polynomial method fits a parabola to 
successive sets of seven points of data. The fatigue delamination growth rate is 
calculated as the derivative of this fit evaluated at the center point. The 
delamination length used to calculate G is also taken from the center of the fit. The 
maximum cyclic G level was determined by substituting the estimated crack length 
(Equation 5) and cyclic load for each growth rate measurement into Equation 1. The 
data were plotted in the typical log-log form used for Paris law crack growth [26]. 
Typical results for fatigue delamination growth are shown in Figure 4(a) for the 
secant (2-point fit) and the incremental polynomial (7-point fit) data. The 
incremental polynomial method resulted in significantly lower noise in the reduced 
data and was thus used to reduce all fatigue data in the current work. 


The fatigue data shown in Figure 4(a) correspond to a complete test involving 
approximately 0.8 inches of delamination growth and is representative of data 
obtained from all fatigue tests. As illustrated in Figure 4(a), the data exhibit a linear 
region to which a Paris law of the following form was fit: 
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Fiber bridging that is very likely present during MMB tests is thought to 
artificially reduce delamination growth rates, yielding non-conservative estimates. A 
method was adopted that attempts to account for this effect, which involves 
normalization of the fatigue data by the static R-curve [27, 28]. This involves 
determining the critical strain energy release rate, Gr, as a function of delamination 
extension using the static test data. The loading level, Ginax, at each stage of a fatigue 
test is then normalized by its corresponding value of Gr (corresponding to the same 
delamination extension). The normalized data are also multiplied by the fracture 
toughness (for the mixed-mode ratio in question) in order to provide a meaningful 
comparison with raw fatigue data. An example of normalized and raw data from a 
fatigue test with G7/G7=0.2 is presented in Figure 4(b). 
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This normalization procedure was adopted in a companion study on mode-I 
delamination [20] with results similar to those presented in Figure 4(b). This 
procedure assumes that static R-curves arise primarily from fiber bridging, and also 
assumes that the extent of fiber bridging in a fatigue test is equivalent to that of a static 
test. The latter assumption may be invalid due to the different amounts of opening 
displacement applied during static and fatigue testing. However, a recent study on 
mode-I delamination indicated that the latter assumption may well be valid [29]. 
However, the method is used here to provide consistency in comparison of the data. 
Fatigue delamination onset was also recorded in each test. Delamination onset was 
assumed to occur when specimen compliance had increased by 5% over its original 
value [9]. 


RESULTS AND DISCUSSION 
Static Tests 


The force-displacement response of specimens loaded at the three mixed-mode 
ratios is presented in Figure 5(a). The response of duplicate specimens for all mixed- 
mode ratios exhibited a high repeatability and so only a single example of each is 
shown in Figure 5(a) for brevity. Specimens tested at mixed-mode ratios of G7/G7=0.5 
and 0.8 were precracked, and those tested at G7/G7=0.2 were not precracked. Overall, 
specimen response was linear up to delamination initiation and propagation, followed 
by linear unloading. As expected, delamination growth was more unstable in 
specimens tested at higher mode II mixed-mode ratios, Gz/Gr. The red circles on each 
response plot indicate moments where delamination initiation and propagation were 
visually observed. Yellow and green circles indicate the deviation from linearity, Pyz 
and the maximum force, Pina, respectively. In general, specimen response deviated 
from linearity earlier in the loading stage in specimens tested at higher mode II mixed- 
mode ratios, Gz/Gr. 

Average values of G, corresponding to delamination growth initiation (based on 
P=Pinax 12 Equation 1) are plotted in Figure 5(a) as a function of Gj/Gr and 
summarized in Table I. Data from tests conducted on non-precracked (NPC) and 
precracked (PC) specimens are included in the figure. These data are combined with 
Gie and Gye reported in the two companion studies [20, 21] to form a mixed-mode 
delamination initiation criterion in the range, 0<G7/G7<1. Scatter in the data was 
reasonably small, with coefficients of variation (CoV) not exceeding 13% for all tests 
conducted and less than 8% in data based on PC tests. In all cases, G, from PC 
specimens is lower than G, from NPC specimens, and this difference increases as the 
mode II component of G increases. This is consistent with findings from a recent 
round-robin study of the ENF test in which PC specimens were reported to yield 
significantly lower values of Gy. for graphite/epoxy and glass/epoxy laminates 
(G800-9736 and S4/8552-1) compared to values from NPC specimens [30]. The 
explanation for this may be that less work is required to initiate delamination in PC 
specimens because the fracture process zone known to correspond to mode-I 
delamination [31], is already present in PC specimens, but not in pristine NPC 
specimens. This effect manifests itself in the current data as an increasing difference 


between NPC and PC-based toughness values as Gj/Gr is increased. The data were 
also fit to the following mixed-mode delamination criterion (referred to as BK) [16]: 
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This yielded the solid lines shown in Figure 5(b). The upper solid line in 
Figure 5(b) corresponds to application of Equation 8 to G;, and NPC-based G7. from 
the two companion studies. The lower solid line is based on G;. and PC-based Gi 
from the companion studies. Note that no precracking was performed in the 
companion study on mode-I delamination and thus only one value of Gj. is used here. 
An exponent of y=2.1, was employed in both of the above cases, resulting in 
relationships that exhibit reasonable comparison to the experimental data. 
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Figure 5 (a) Sample force-displacement responses at each mixed-mode ratio. (b) Mixed-mode 
delamination initiation criteria. 


TABLE I. Non-precrack (NPC) and precrack (PC) mixed-mode fracture toughness. 


Gl 0 [21] 0.2 0.5 0.8 1.0 [20] 
NPC Ge, in-Ibf/in” (CoV, %) 137 1.71 (5.7) | 2.60 (13.2) | 3.56 (5.4) | 6.50 (6.5) 
PC Ge, in-Ibf/in’ (CoV, %) N/A N/A 2.17 (5.9) | 2.93(6.7) | 4.22 (7.6) 


Fracture toughness values reported previously for IM7/8552 [15] are also included 
in Figure 5(b) and show good agreement with the current data except for Gi. These 
values were reported to exhibit significant scatter compared to the values reported in 
the companion study [21] on mode-II delamination. The companion study adopted 
recently developed procedures designed to reduce scatter in Gy, which, in addition to 
manufacturing procedures, could explain the difference in Gy seen in Figure 5(b). 

R-curves from tests at each mixed-mode ratio are plotted in Figures 6(a) and 6(b). 
Data in each plot are from all six duplicate tests performed at each mode ratio, 
excluding all initiation values reported in Table I. The extent of delamination 
propagation shown is similar to the amount of growth seen in the fatigue tests. The fits 


applied to each R-curve (linear fit for G7/G7=0.2 and bi-linear fit for G7/G7=0.5 and 
0.8) were used to provide the following relationships between Gr and delamination 
extension, Aa: 
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where Gro.2), Gros), and Gr.s) are the delamination resistance at mixed-mode ratios, 
Gi/G7=0.2, 0.5, and 0.8, respectively. The open and solid red circles correspond to 
data used in the linear fits for Ge before the plateau region for Gy/G7=0.5 and 0.8, 
respectively. 


Fatigue Tests 


The delamination growth onset data from tests at the three mixed-mode ratios are 
presented in Figure 7(a). A power law expression is fit to each data set as shown in the 
figure. The same data are plotted in Figure 7(b) along with the mode-I and mode-I 
onset curves reported in the companion studies [20, 21]. The parameters of the power 
law change monotonically with mixed-mode ratio, as shown in Table II. Also, for a 
given value of Gra, the number of cycles required for delamination growth onset 
increases with increasing mode-II component. This is consistent with the fracture data, 
which exhibits an increase in G, with increasing mode-II component (see Figure 5(b)). 
Lastly, the current data are compared with those from a previous study on IM7/8552 
[15] in Figure 8, which shows a reasonable agreement between the two data sets. 
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Figure 6 Delamination resistance curves from static tests. 


Delamination growth rates from fatigue tests conducted with mixed-mode ratios, 
Gi/G7=0.2, 0.5, and 0.8 are presented in Figures 9(a), 9(b), and 9(c), respectively, and 
appear consistent with growth rates reported in the companion studies. The fatigue 
data from tests conducted at Gy/G7;=0.2 exhibit an apparent dependence on the value 
Of Gina at which a test was started, as shown in Figure 10. The figure presents data 
from four tests started at the initial load levels indicated. For a given initial load level 
(bottom-left hand end of each data set), the rate at which growth rate increases tends to 
decrease with increasing G,,q. This is consistent with the notion that fiber bridging has 
more of an effect as the delamination grows. Mode-I tests conducted in the companion 
study exhibited a very similar effect [20]. 

Fatigue data of specimens tested at Gy/G7=0.5 and 0.8 were relatively insensitive to 
starting load level, as indicated by the reduced spread in these data sets (see raw data 
sets in Figures 9(b) and 9(c)). Assuming that the effect of fiber bridging on 
delamination growth would gradually decrease with an increase in G;/G7, its influence 
on the spread in the fatigue data would also be expected to decrease gradually with 
increasing G7/Gr. However, this is not the case presently because the raw fatigue data 
from tests conducted at Gy/G7=0.5 and 0.8 appear equally insensitive to starting load 
level (i.e., both exhibit a relatively small spread as seen in Figures 9(b) and 9(c)). 
However in general, fiber bridging does appear to offer a convincing explanation for 
the currently observed effect of starting load level on growth rates calculated from the 
raw data sets. 

Normalization affected the fatigue data in a manner that may also be explained by 
fiber bridging, for three general reasons. First, data from tests involving a mixed-mode 
ratio, Gy/G7=0.2 collapsed after normalization, as was the case in the mode-I 
delamination companion study [20]. Second, the effect of normalization tended to 
diminish with increasing mixed-mode ratio, Gy/Gr. Third, in the case of Gj/G7=0.2, 
the normalized data tended to yield a faster growth rate for a given Ging, versus that 
from the raw data. 
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Figure 7 Delamination onset curves (a) MMB data, (b) comparison with companion studies. 


Table II Delamination onset power law fit parameters. 


GwGr |_ A, in-Ibffin* m 
0 1.390 -0.080 
0.2 1.736 -0.090 
0.5 2.189 -0.103 
0.8 2.985 -0.125 
1.0 4.240 -0.153 
2 
O G,/G7=0.3 [1 5] 
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Figure 8 Comparison of growth onset between current data sets and previous results [15]. 
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Figure 9 Delamination growth rates (a) Gy/G7;=0.2, (b) G;/G7=0.5, (c) Gi/G7=0.8. 
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Figure 10. Fatigue data from tests conducted at G;/G7=0.2. 


As was expected from the growth onset data (see Figure 7(b)), the Paris law 
exponent, 1, generally exhibited a monotonic decrease with increasing G7/Gr, based 
on the raw fatigue data (see Figure 11(a) and Table III). This result is consistent with 
the onset data because a monotonic increase in fracture toughness with increasing 
Gi/Gr should tend to decrease the Paris law exponent. The normalized data, however, 
do not exhibit this monotonic behavior (Note that pure mode II fatigue data were not 
normalized, see Figure 11(a)). In this case, normalization yielded a decrease in n 
during the pure mode I tests, whereas it resulted in an increase in n during the mixed- 
mode tests conducted at Gj/G7=-0.2. The reason for this differing effect of 
normalization on 7 is due to the control mode used in the two test types. The pure 
mode-I tests of the companion study were conducted using displacement-controlled 
constant amplitude cycling [20]. An example data set from this testing series is 
presented in Figure 12(a) (initial Gyq=0.37G).). The beginning of the test corresponds 
to the upper-right quadrant of the plot. As delamination growth occurs Gyq. decreases 
and Gr increases (a relationship between Gr and delamination growth similar to that 
shown in Figure 6(a) was reported [20]). Consequently, the fatigue data in Figure 
12(a) rotate clockwise when normalized, yielding a reduction in Paris law exponent. 
Conversely, the mixed-mode tests in this study were conducted using load-controlled 
constant amplitude cycling (see example data set in Figure 12(b)). In this case the 
beginning of the test corresponds to the lower-left quadrant of the plot. As 
delamination growth occurs both Gina and Gr increase. Consequently, the fatigue data 
rotate counterclockwise when normalized, yielding an increase in the Paris law 
exponent (Figure 12(b)). 

In the case of the Paris law coefficient, D, (see Figure 11b) the normalized data 
yield a monotonic change in this parameter with G7/G7, whereas the raw data do not. 
Interestingly, however, the Paris law parameters do vary monotonically with Gy/Gr if 
data only from the mixed-mode tests are considered. In this case, a trend can be 
defined within the limit: 0.2 < Gi/Gr < 0.8. 
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Figure 11 Effect of mixed-mode ratio on Paris law parameters (a) Paris law exponents, (b) Paris law 
coefficients. 


TABLE III. Paris law parameters for different mixed-mode rations 


Gy/Gr D n D (norm) n (norm) 
0 4.00E-04 11.15 5.16E-05 [20] | 6.77 [20] 
0.2 6.23E-06 6.03 1.45E-07 8.38 
0.5 1.05E-05 5.41 4.68E-08 5.41 
0.8 9.45E-06 4.99 9.07E-09 5.07 
1 8.64E-07 [21] 5.45 [21] N/A N/A 
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Figure 12 Effect of normalization (a) Mode-I fatigue data, (b) Mixed mode fatigue data (Gj/G7=0.2) 


SUMMARY 


Mixed-mode bending tests were conducted at three different mixed-mode ratios as 
part of a study to characterize the fatigue and fracture (delamination) behavior of 
IM7/8552 graphite/epoxy tape. The following general observations were made: 


¢ Static tests yielded a delamination initiation criterion that is consistent with 
existing data from the literature. 

¢ Fatigue delamination onset behavior varied monotonically with mixed-mode 
ratio, Gy/Gr, as was expected based on the condition that Gu.e>Gic. 

¢ In specimens tested at G,/G7=0.2, delamination growth rates tended to be 
affected by starting load level consistently with the notion that the effect arises 
from fiber bridging. 

¢ Specimens tested at G7/G7=0.5 and 0.8 exhibited little sensitivity to initial load 
level compared to specimens tested at G7/G7=0.2. 

¢ Normalization using the static R-curve only affected fatigue data from tests 
conducted at Gy/G7=0.2. In this case, normalization almost eliminated any 
apparent effect of initial load level on growth rates. This is again consistent 
with the notion that the effect of initial load level on growth rate is caused by 
fiber bridging. 

¢ Paris law exponent, n, based on the raw fatigue data sets exhibited a 
monotonic decrease with increasing G7/G7, as expected based on the fracture 
toughness data. This was not the case for the normalized data. 

¢ Paris law coefficient, D, based on the raw fatigue data sets did not follow a 
monotonic change with respect to Gy/Gr, whereas that based on the 
normalized data does vary monotonically. 

¢ Both Paris law parameters exhibit monotonic changes with respect to Gy/Gr in 
the mixed-mode range of 0.2 < Gy/Gr < 0.8. 


In general, the fatigue behavior of the material tested changes with mixed-mode 
ratio, G,/G7, in a manner that is consistent with fatigue behavior during purely mode-I 
and mode-II loading conditions (i.e., growth rates tend to decrease with increasing 
mode-II loading). In addition, delamination growth rates do seem to be affected by 
fiber bridging that is typically associated with unidirectional laminates, and this effect 
does diminish with an increase in G;/Gr. This is expected considering that bridging 
fibers would be expected to yield a reduced influence over growth rates under 
increasing mode-II loading conditions. 
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